Pseudo-nitzschia-specific PCR primers (PnAll F ⁄ R) were designed to amplify a polymorphic region of the internal transcribed spacer 1 (ITS1) from at least 11 Pseudo-nitzschia species. The primers were used to generate environmental clone libraries from Puget Sound, Washington, and Vancouver Island, British Columbia, to confirm that the primers were specific for Pseudo-nitzschia and to determine the extent of ITS1 sequence diversity within individual species. All environmental ITS1 sequences generated with PnAll primers displayed the greatest similarity to known Pseudo-nitzschia ITS1 sequences. The length of cloned ITS1 fragments differed among species but was conserved within a species. Intraspecific genotypes exhibited <3% sequence divergence for seven of the 10 species detected in clone libraries. Several ITS1 genotypes unique to the Pacific Northwest were identified in environmental samples, and other genotypes were more broadly distributed. The Pseudo-nitzschia primers were also used to develop an automated ribosomal intergenic spacer analysis (ARISA) to rapidly identify Pseudonitzschia species in environmental samples based on species-specific variation in the length of the targeted ITS1 region. The ARISA peaks were then associated with the environmental clone sequences for Pseudo-nitzschia species. Surveying the genetic composition of communities at both the inter-and intraspecific levels will enhance our understanding of Pseudo-nitzschia bloom dynamics.
Diatoms are considered one of the more speciesrich groups of eukaryotes, even though current species classifications of diatoms are relatively coarse and probably underestimate the true species number (Mann and Droop 1996) . The genus Pseudonitzschia is composed of at least 30 species and is common to diatom assemblages in all ocean basins, both in coastal and offshore waters. In recent years, increased focus has been directed toward identifying Pseudo-nitzschia species for two important reasons. First, some species of Pseudo-nitzschia produce the neurotoxin domoic acid, which can result in the death or illness of vertebrates (including humans) if seafood contaminated with domoic acid is consumed. Second, Pseudo-nitzschia has been identified as one of the main genera to increase in cell numbers during iron fertilization experiments in high nitrate low chl (HNLC) regions of the Southern Ocean, the subarctic Pacific, and the east equatorial Pacific (de Baar et al. 2005) .
Despite concerted efforts, the taxonomy of Pseudo-nitzschia is still largely unresolved, and morphological species complexes and ⁄ or cryptic species are increasingly described for the genus (Hasle 1995 , Manhart et al. 1995 , Villac and Fryxell 1998 , Lundholm et al. 2002 , Orsini et al. 2004 , Hasle and Lundholm 2005 . Links between physiology and environment remain elusive for Pseudo-nitzschia, in part due to the difficulty in identifying when and where different species and strains occur. Multiple toxigenic Pseudo-nitzschia species frequently coexist in the environment (Bates 1998 , Cho et al. 2002 , even during blooms that appear to be dominated by a single species of Pseudo-nitzschia (Horner et al. 1996 , Parsons et al. 1999 , Bill 2005 ). Isolates of Pseudo-nitzschia species that bloom in open iron fertilization experiments do not produce detectable levels of domoic acid (Marchetti et al. 2008 ), but most coastal species can produce the toxin (Bates 1998 , Baugh et al. 2006 , although to different extents depending on environmental conditions and perhaps strain differences (Bates 1998) . Onshore and offshore distributions of coastal and open-ocean species and strains remain unknown.
The most routinely used technique for identifying Pseudo-nitzschia species is SEM or TEM, even though EM does not always provide the necessary resolution required for identification of all Pseudo-nitzschia species (Lundholm et al. 2003 , Hasle and Lundholm 2005 . Molecular techniques are increasingly being used to rapidly and ⁄ or more precisely identify Pseudo-nitzschia species and include sequencing the LSU rRNA gene (Miller and Scholin 1996 , Lundholm et al. 2002 , Orsini et al. 2004 or the internal transcribed spacer (ITS) regions (Manhart et al. 1995 , Orsini et al. 2004 , utilizing hybridization probes for the LSU of rRNA Scholin 1996, Parsons et al. 1999) , and DNA fingerprinting with PCR (Bornet et al. 2005) . Microsatellites have been developed for two Pseudo-nitzschia species to examine population structure, or intraspecific diversity, in field populations . Most current molecular approaches require isolation and at least short-term cultivation of Pseudo-nitzschia cells, which adds an inherent bias to these studies.
Here, we describe the development and use of a community-based approach to assess the diversity of Pseudo-nitzschia populations at both the inter-and intraspecific levels. Primers for PCR were designed to specifically amplify the ITS1 of the genus Pseudonitzschia. This region of the genome was targeted because ITS1 sequence and fragment length can vary among different species and different morphotypes of Pseudo-nitzschia (Orsini et al. 2004 ). An automated ribosomal intergenic spacer analysis (AR-ISA) approach (Fisher and Triplett 1999) was developed to identify Pseudo-nitzschia species because this approach does not require isolation or culturing of individual cells. Environmental clone libraries and ITS1 sequences were generated to ground-truth the ARISA approach and to investigate intraspecific diversity. The ability to specifically and routinely identify species and intraspecific variability in Pseudo-nitzschia communities will lead to better understanding of how this genus interacts with the environment and may help clarify the role of diversity in phytoplankton populations.
MATERIALS AND METHODS
Isolate collection and species identification. Pseudo-nitzschia cells were isolated from surface water samples collected within Puget Sound or along the coast of Washington State (USA) by pipetting single cells or chains of cells into 12-well culture plates containing 1 mL sterile seawater amended with f ⁄ 20 nutrients (Sigma, St. Louis, MO, USA; Guillard 1975) . Five unialgal isolates were successfully obtained and transferred into 20 mL sterile seawater amended with f ⁄ 10 nutrients, and each was subsequently maintained in sterile seawater amended with f ⁄ 2 nutrients at 13°C on a 12:12 light:dark (L:D) cycle of 50 lmol photons AE m )2 AE s )1 cool-white light. None of the isolates was axenic. Four isolates were identified to species using a combination of SEM and ITS1 sequencing (see below). Cells for SEM were acid cleaned (Hasle and Fryxell 1970) , filtered, and dried onto 1 lm pore-size, 13 mm diameter polycarbonate filters (Whatman Inc., Florharm Park, NJ, USA). Filters were attached to aluminum stubs using graphite bonding material, coated with gold palladium, and examined with a JEOL JSM-6360 LV scanning electron microscope (JEOL Ltd., Tokyo, Japan). Morphometric characteristics were used to identify two P. pungens (Grunow ex Cleve) Hasle isolates, designated PNWH2O 101WB and PNWH2O 105; one P. multiseries (Hasle) Hasle isolate, designated PNWH2O A4; and one P. seriata (Cleve) H. Perag. isolate, designated PNWH2O 109 (Table S1 in the supplementary material). A third P. pungens isolate, designated PNWH2O C1, was identified to species based on ITS1 sequence alone (Table S4 in the supplementary  material) .
DNA extractions and DNA sequencing of the ITS1. Eight isolates of Pseudo-nitzschia provided by collaborators (Table S4 ) and five isolates of Pseudo-nitzschia collected for this study (see above) were maintained in f ⁄ 2 media as described above. Cells from 20 mL cultures in late exponential phase were concentrated onto 0.45 lm pore-size, 47 mm diameter mixed cellulose filters (Millipore, Billerica, MA, USA) for the 13 isolates of four species of Pseudo-nitzschia (Table S4) . Genomic DNA was extracted immediately following filtration with the DNeasy Plant Mini Kit (Qiagen Inc., Valencia, CA, USA) according to manufacturer's instructions. Extracted DNA was quantified with PicoGreen (Invitrogen, Carlsbad, CA, USA) and a SpectraMax M2 microplate reader (Molecular Devices Corp., Sunnyvale, CA, USA).
PCR primers 18SF-euk and 5.8SR-euk were designed to amplify the full-length ITS1 sequence of Pseudo-nitzschia species (Table 1) , based on 18S-ITS1-5.8S sequences of P. pungens and P. multiseries (Manhart et al. 1995) . PCRs contained 2-6 ng of genomic DNA, 0.4 mM dNTP's, 0.4 lM of each primer, 0.375 U of Promega taq polymerase, 2.5 mM of MgCl 2 , and 1· buffer (Promega, Madison, WI, USA). Amplifications consisted of an initial denaturation at 94°C for 2 min, followed by 30 cycles of 95°C for 30 s, 67°C for 30 s, and 72°C for 60 s. PCR products were purified with the QIAquick PCR purification kit (Qiagen). Cycle sequencing was conducted with the DYEnamic ET dye terminator kit (Amersham Biosciences Corp., Piscataway, NY, USA), and the products were analyzed on a MegaBACE 1000 automated sequencer (Amersham Biosciences). Both strands of the ITS1 were sequenced to completion. ITS1 sequences were deposited in GenBank under accession numbers DQ996016-DQ996028.
In silico development of Pseudo-nitzschia specific primers. A sequence database was compiled in ARB (Ludwig et al. 2004 ) that consisted of the 13 ITS1 sequences generated in this study; 161 Pseudo-nitzschia ITS1 sequences (without ambiguous base calls) available in GenBank (Table 2) (Table 2) , were designed to amplify an ITS1 fragment from a maximum number of Pseudo-nitzschia species with no mismatches in either the forward or reverse primers, and no exact matches to non-Pseudo-nitzschia species. Primer specificity was examined in silico against the Ribosomal Database Project (RDP) with the Probe Match function (Cole et al. 2005) ; against the GenBank nucleotide (nr ⁄ nt) database with the blastn function; and against the GenBank nr, wgs, and env_nt databases on September 9, 2007, using the ''search for short, nearly exact matches'' function within blastn (Altschul et al. 1990 ). Organisms identified using EM based on published research.
Primer specificity and ARISA identification of Pseudo-nitzschia isolates. PnAllF and PnAllR specificity was tested with DNA isolated from P. pungens (strain PNWH2O 101WB), P. multiseries (strain PNWH2O A4), P. australis Freng. (strain 04063_3C), and P. seriata (strain PNWH2O 109), in addition to DNA isolated from the diatoms Lithodesmium undulatum Ehrenb. (CCMP 472), Skeletonema costatum (Grev.) Cleve (CCMP780), Phaeodactylum tricornutum Bohlin (CCMP 632), Chaetoceros socialis Lauder (CCMP 205), Fragilariopsis cylindrus (Grunow) Willi Krieger (CCMP 1102); the cyanobacterium Synechococcus sp. strain UW76; the haptophyte Phaeocystis globosa Scherff. (CCMP 629); and the dinoflagellate Gyrodinium sp. (CCMP 1737). Two types of PCRs were conducted with the PnAllF and PnAllR primers. For ARISA, the PnAllR primer was modified with a 5¢ fluorescent FAM label (Qiagen); all other PCRs used an unlabeled version of PnAllR. All PCRs with PnAllF and PnAllR used 4-12 ng DNA and reagents described above for ITS1 PCR amplification. Cycling parameters were 94°C for 2 min, 32 cycles of 95°C for 30 s, 50.6°C for 30 s, and 72°C for 60 s, with a final 72°C extension for 10 min. Unlabeled PCR products were visualized on a 6% nondenaturing polyacrylamide gel stained with SYBR Ò green (Invitrogen). For ARISA, triplicate PCR products were purified using MultiScreen PCRl96 filter plates or Montage TM PCR96 filter plates (Millipore). Products were analyzed on a MegaBACE 1000 automated sequencer with the fluorescently labeled internal size standard ET-Rox 400 (Amersham Biosciences). Electropherograms were analyzed using DAx (van Mierlo Software, Eindhoven, the Netherlands); fragment sizes of peaks exceeding 0.2% of the total area and 30 times the noise signal of the electropherogram curve were determined.
Collection of environmental samples and DNA extraction. Fig. 1) . Each sample was examined using LM to confirm the presence of Pseudo-nitzschia cells. For each sample, 500 mL was filtered through 0.45 lm pore-size, 47 mm diameter mixed cellulose filters (Millipore), and the filters were stored at )80°C prior to analysis. DNA was extracted with the Dneasy Plant Mini Kit (Qiagen) according to manufacturer instructions, except that each filter was shredded manually in lysis buffer using scissors sterilized with bleach and UV radiation.
Isolate and environmental clone libraries. An iCycler iQ RealTime PCR detection system (Bio-Rad Laboratories, Hercules, CA, USA) was used for quantitative PCRs (Q-PCR) with PnAllF and PnAllR on all environmental samples, and on the isolate P. pungens strain PNWH20 101WB, to determine the cycle numbers for exponential amplification. Q-PCR samples were run in triplicate in 20 lL amplifications with 5-20 ng of isolate or environmental DNA, 0.8 lM of primers, and iQ SYBR Green Supermix (Bio-Rad Laboratories). Q-PCR cycling parameters were 95°C for 3 min followed by 50 cycles of 95°C for 10 s, 50.6°C for 50 s, and 72°C for 50 s. PCRs used to generate product for clone library construction were conducted with unlabelled PnAll primers using the cycle number determined by Q-PCR as early exponential. To minimize cloning artifacts, a ''reconditioning'' step was implemented as described by Thompson et al. (2002) .
Two PnAll clone libraries were generated for a single strain of P. pungens, PNWH2O WB101 (Table S4 ). One clone library was generated from DNA extracted from PNWH2O WB101 approximately 4 months after cell isolation (February 2005) , and a second from DNA extracted approximately 2.5 years after cell isolation (June 2007). One clone library was generated for each environmental sample.
PCR products were cloned into the TOPO TA Cloning Kit for Sequencing (Invitrogen) and used to transform the Top 10 strain of Escherichia coli. Thirteen clones from the February 2005 extract and five clones from the June 2007 extract of P. pungens PNWH2O WB101 were randomly chosen for sequencing. From the environmental samples, 40 clones from Puget Sound, 79 clones from Esperanza Inlet, and 19 clones from Tofino were randomly chosen for sequencing.
DNA template for sequencing was prepared with the TempliPhi DNA Amplification Kit (Amersham Biosciences). Sequencing was performed with the DYEnamic ET dye terminator kit (Amersham Biosciences) and analyzed with a MegaBACE 1000 automated sequencer (Amersham Biosciences). Both strands of the ITS1 fragment were sequenced to completion using universal M13 vector primers. Sequence data was checked and aligned using Sequencher Version 4.5 (Gene Codes, Ann Arbor, MI, USA). Environmental sequences were deposited into GenBank under accession numbers EF014758-EF014895. Environmental clone sequences were affiliated with Pseudonitzschia species in GenBank using blast (Altschul et al. 1990 ). Nucleotide divergence (see below) and sequence length of clone sequences were compared to known species of Pseudonitzschia to determine sequence similarity of clone sequences and GenBank sequences.
Minimum spanning networks. Pseudo-nitzschia ITS1 sequences generated in this study, including isolate and environmental clone sequences, were aligned to sequences of the most similar Pseudo-nitzschia species from GenBank with clustalw (Chenna et al. 2003) and compiled in ARB. Unique genotypes were identified based on nucleotide sequence differences, insertions, and ⁄ or deletions in the DNA sequences. Divergence was calculated based on the number of unique characters relative to the number of total characters (Page and Holmes 1998) . Two different divergence indices were used. The first counted each nucleotide polymorphism and each base pair (bp) insertion or deletion (in ⁄ dels) as a unique character, while the second counted only nucleotide polymorphisms as unique characters and neglected in ⁄ dels; in both cases, PnAll primer regions (35 bp total) were excluded from analysis. Minimum spanning networks were constructed manually for each species detected in clone libraries based on the methods of Excoffier and Smouse (1994) .
Optimization and use of ARISA with environmental samples. ARISA profiles for environmental samples were generated by amplifying ITS1 fragments with PnAllF and the fluorescently labeled PnAllR primer, and the resulting fragment lengths were determined as described above. PCR cycle numbers and peak identification were optimized by testing a range of cycle numbers (20, 22, 24, 26, 28, 32, 34, 40, 45) , signal-to-noise cutoff values (0, 3.6·, 12·, 30·), and percent area cutoff values (0.15%, 1%, 2%, 5%). At least one blank with nanopure water rather than DNA template was used to establish a baseline value for noise. The statistics package PRIMER (Clarke and Warwick 2001) was used to conduct nonparametric multivariate analyses on ARISA profiles for each environmental sample. Similarities between ARISA profiles were calculated by generating resemblance matrices based on the presence or absence of peaks. Cluster analysis was conducted on the matrices to evaluate the significance of PCR cycle number and reproducibility among triplicate PCRs, and SIMPROF was used to determine which clusters were statistically significant (P < 0.05).
RESULTS
Development of Pseudo-nitzschia-specific primers and identification of ITS1 fragment length polymorphisms. Fulllength ITS1 sequence data and SEM results were congruent for 12 Pseudo-nitzschia isolates (identified in this study) that corresponded to four different species (Table S4 ). Both EM-based identification and ITS1 sequence were available for at least one representative of 19 Pseudo-nitzschia species (Table 2  and Tables S2, S3 , and S4 in the supplementary material). Over half (90) of the 161 Pseudo-nitzschia ITS1 sequences in GenBank corresponded to P. delicatissima (Cleve) Heiden, 76 of which were from a single study (Orsini et al. 2004) ; only 13 of the 90 sequences were identified with SEM.
Primers PnAllF and PnAllR were designed to PCR amplify (without mismatches in either primer) a variable region from 11 of the 19 Pseudo-nitzschia species (106 of 161 sequences) for which ITS1 sequence was available ( Table 2 ). The primers did not recognize the ITS1 of 12 other diatom genera examined (Table S5) . Species of Pseudo-nitzschia not predicted to be amplified by PnAllF ⁄ R exhibited a total of between one and four mismatches to both primers (Tables S2 and S3) , and the other diatom genera examined in silico exhibited more mismatches. Interestingly, none of the polar isolates of Pseudo-nitzschia was recognized by the primers.
Species predicted to be amplified by PnAllF ⁄ R are listed in Table 2 , and represented Pseudo-nitzschia isolates originating from waters surrounding each continent except Antarctica. The primers recognized multiple isolates of a single species (e.g., P. pungens) originating from different oceans (e.g., Mexico, Portugal, Vietnam, the North Sea, and the U.S. Pacific Northwest). A subset of sequences corresponding to some P. delicatissima, P. seriata, and P. subpacifica (Hasle) Hasle isolates in GenBank were not specifically recognized by the primers. Based on in silico analyses, the PnAll primers did not recognize ribosomal RNA sequence of bacteria in the RDP database, nor protists in the GenBank nr ⁄ nt database, and no contiguous non-Pseudo-nitzschia sequences containing both PnAll primers were detected in the nr, wgs, and env_nt GenBank databases.
Twenty-five distinct ITS1 fragment lengths (142-231 bp) were predicted for the PnAll amplicons associated with the 11 Pseudo-nitzschia species recognized by the primers (Table 2) . A single sequence each was available in GenBank, and therefore a single fragment length was predicted for three known species and one unidentified species (Table 2) . Two species displayed a single fragment length for all isolates of that species (five and seven sequences, respectively, Table 2 ). Six species each displayed two ITS1 fragment lengths; different isolates of the same species that display different fragment lengths are here referred to as different species types. Some species types differed by a single in ⁄ del, while other species types consisted of insertions, deletions, and sequence polymorphisms. The species types of P. pungens, P. seriata, and P. micropora Priisholm, Moestrup et Lundholm exhibited <3% sequence divergence over the PnAll amplicon. Other species types exhibited greater levels of divergence: P. galaxiae Lundholm et Moestrup types (143 and 151 bp) differed by 16.4% (9.5% without in ⁄ dels), and P. cuspidata (Hasle) Hasle types (216 and 230 bp) differed by 13.3% (5.13% without in ⁄ dels).
The greatest ITS1 fragment length variation was observed in isolates identified as P. delicatissima. Thirteen different fragments lengths, ranging from 164 to 231 bp, were detected for the 76 P. delicatissima sequences predicted to be amplified by the PnAll primers (Table 2 ). Sequence variability between the different P. delicatissima types was similar to variability observed between different Pseudonitzschia species; small differences distinguished some types, and large differences in fragment lengths and sequence content distinguished others. Sequences of the ITS1 fragment from P. delicatissima types 1-5 (fragment lengths of 223, 222, 221, 220, and 219 bp, respectively), from types 7 and 8 (164 and 165 bp), and from types 10 and 13 (207 and 212 bp) were easily aligned, with sequence differences resulting in <3% sequence divergence between similar types. Sequence alignment of the ITS1 fragments was not possible across the different P. delicatissima sequence groups. For example, none of the 219-223 bp types could be aligned with any of the 164-168 bp types, and divergence among isolate sequences from the less easily aligned types was >13% (6.8% without in ⁄ dels).
Fragment lengths of 143, 151, and 230 bp were common to more than one species of Pseudo-nitzschia (Table 2) . One P. cuspidata (AY257853) sequence was identical to the P. pseudodelicatissima (Hasle) Hasle (AY257854) sequence (230 bp), suggesting either that one isolate may have been misidentified or that these species share the same ITS1 sequence.
A second isolate of P. cuspidata (AY257862) was also expected to generate a 230 bp amplicon but exhibited high sequence divergence (12.3% with in ⁄ dels, 5.1% without) from the first P. cuspidata isolate. For all species except P. pseudodelicatissima and P. cuspidata, shared fragment lengths were easily distinguished from one another based on sequence content, with divergence ranging from 12.3% to 59.3% (5.1%-50% without in ⁄ dels).
Primer specificity and identification of environmental clones. The PnAllF ⁄ R primers were tested experimentally, and a single fragment corresponding to the predicted size was detected for one isolate each of P. seriata, P. pungens, P. australis, and P. multiseries (Fig. 2) . The P. pungens fragment of 142 bp was easily distinguished from the P. multiseries fragment of 144 bp, whereas fragment sizes for P. seriata type 1 and P. australis were both 150 bp (Fig. 2) . None of the tested isolates was axenic, and yet only a single peak of the expected size was obtained for each Pseudo-nitzschia isolate, confirming that contaminant bacterial DNA was not amplified by the primers. No amplification was detected when Synechococcus (cyanobacterium), Phaeocystis (haptophyte), or Gyrodinium (dinoflagellate) DNA was used as template or when DNA from diatoms of genera other than Pseudo-nitzschia was used, with the single exception of the closely related polar diatom Fragilariopsis cylindrus, which produced a 213 bp amplicon and exhibited a 2 bp mismatch to the PnAllF primer (data not shown).
The specificity of the PnAll primers was also tested with DNA isolated from whole seawater samples collected from Tofino and Esperanza inlets on Vancouver Island, Canada, and Port Madison in Puget Sound, Washington. All environmental PnAllgenerated ITS1 sequences displayed the greatest sequence similarity to known Pseudo-nitzschia ITS1 sequences rather than sequences from different diatom genera or bacteria.
A total of nine distinct fragment lengths were detected for sequences from the clone libraries (Table 3) ; eight fragment lengths were associated with nine known or putative Pseudo-nitzschia species (P. australis and P. seriata shared the same fragment length). Seven species were identified based both on predicted lengths (Table 2 ) and intraspecific sequence divergence of <4%: P. pungens (142 bp), P. multiseries (144 bp), P. australis (150 bp), P. seriata (150 bp), P. delicatissima (168 bp), and P. subpacifica (195 bp). Interestingly, the sequence of one ITS1 fragment displayed 1.2% divergence when compared to P. fraudulenta (Cleve) Hasle (202 bp), which had not been predicted to be amplified because of a single mismatch to the PnAllF primer. Three ITS1 fragments of 233, 209, and 196 bp were detected in the environmental clone library sequences but differed in both sequence and length compared to any known ITS1 sequence. These fragments were assumed to correspond to uncultivated Pseudo-nitzschia species or types and are referred to as P. sp. 233 (233 bp), P. sp. 209 (209 bp), and P. sp. 196 (196 bp) . P. sp. 233 exhibited 1.5% divergence from P. pseudodelicatissima ⁄ P. cuspidata type 1 (230 bp), with the only sequence difference consisting of a 3 bp insertion. The ITS1 sequence for P. sp. 209 exhibited 9% divergence (6.7% without in ⁄ dels) when compared to P. decipiens Lundholm et Moestrup, which was not predicted to be amplified due to a single mismatch to PnallF. P. sp. 196 was highly divergent from all Pseudo-nitzschia sequences in GenBank and was >50% diverged from its closest BLAST match, P. pungens.
Microdiversity in Pseudo-nitzschia species. Each species detected in the clone libraries displayed a single fragment length variant, and all 18 clones of a single Pseudo-nitzschia pungens isolate (PNWH2O 101WB) were identical to the original ITS1 sequence obtained for that strain (GenBank accession DQ996020). Most sequence fragments detected more than once in the environmental clone libraries displayed sequence variation that consisted of polymorphisms at between one and five sites, here referred to as different genotypes. The only species type that did not display intraspecific varia- Fig. 2 . Automated rRNA intergenic spacer analysis (ARISA) profiles for Pseudo-nitzschia isolates: (A) P. pungens, (B) P. multiseries, (C) P. seriata, and (D) P. australis. tion was P. delicatissima type 11, as all four detected sequences were identical (Table 3 ). The most frequently detected species in the clone libraries, P. pungens, also had the greatest number of distinct genotypes (12) and the greatest nucleotide divergence among genotypes compared to other species, with high amounts of intraspecific diversity detected regardless of whether the P. pungens isolates originated from Puget Sound (3.74%) or from Esperanza Inlet (2.80%). High levels of intraspecific diversity were also detected for P. australis (2.61%) and for P. subpacifica (3.13%) despite the fact that far fewer sequences (eight each) were compared for these two species (Table 3) . Two species, P. fraudulenta (1.20%) and P. sp. 233 (1.52%), each displayed a nucleotide divergence about half that of the more diverse species despite the fact that seven and 26 sequences, respectively, were generated for these species.
The overall pattern for most species was that a single genotype was most common numerically (i.e., number of clones sequenced) in clone libraries, and that other closely related genotypes were detected less frequently. Minimum spanning networks were employed to visualize the relations and distributions of the different genotypes for each species except P. sp. 196 (one recovered sequence) and P. sp. 209 (two recovered sequences). For example, a single genotype (genotype A) of P. pungens was the most commonly detected genotype in the clone libraries generated for the Esperanza Inlet and Puget Sound samples (Fig. 3a) . Five additional P. pungens genotypes differed from genotype A by single nucleotide polymorphisms at different nucleotide positions and were detected less frequently; nine other genotypes that differed by an additional 1 or 2 bp were detected even more rarely (Fig. 3a) . Similarly high levels of microdiversity were detected for P. sp. 233, with genotype A found at both Esperanza Inlet and Tofino Inlet, and 11 additional genotypes identified that differed from this genotype by only 1 or 2 bp (Fig. 3b) . Less microdiversity was detected for P. subpacifica, P. fraudulenta, P. australis, P. multiseries, and P. seriata (Fig. 3c-g ).
To further enhance this analysis, the genotypes of distantly distributed isolates available in GenBank were included in the networks. Remarkably, P. pungens genotype H (Fig. 3a) , P. australis genotype A (Fig. 3e) , P. multiseries genotype A (Fig. 3f) , and P. delicatissima type 11 genotype A (Fig. 3h) were detected both in local and distant waters. Again, only a single, well-distributed genotype was detected for all sequences of P. delicatissima type 11, including isolates from the Pacific Northwest, Portugal, and Denmark (Fig. 3h) . In contrast, some distant isolates of P. pungens were differentiated from Pacific Northwest populations; for example, genotype D was detected in both Mexico and Portugal, but not in any of the Pacific Northwest samples (Fig. 3a) . Bold text is used to identify clones that exhibit >50% divergence from any known Pseudo-nitzschia species but are still more closely related to Pseudo-nitzschia than other genera in GenBank. Fig. 3 . Network of polymorphic genotypes for eight Pseudo-nitzschia species ⁄ species types: (A) P. pungens; (B) P. sp. 233; (C) P. subpacifica; (D) P. fraudulenta; (E) P. australis; (F) P. multiseries; (G) P. seriata; and (H) P. delicatissima type 11. ITS sequences from clone libraries (represented by circles) generated in this study and from isolates from GenBank and this study (represented by squares) were used. The size of the circle or square represents the number of sequences; the smallest size represents a single sequence, the medium size represents two to four sequences, and the largest size represents five or more sequences. Unique genotypes are distinguished by letters located inside circles or squares; thickly outlined circles and squares, or ''hubs,'' are placed in the actual location where the sample or isolate originated. Solid branches are used to connect genotypes from the Pacific Northwest; dotted branches are used to connect genotypes from other regions. Crossbars represent differences between genotypes; thin bars represent deletions relative to the hub sequence, medium bars represent a polymorphism, and thick bars represent insertions relative to the hub sequence. ITS, internal transcribed spacer.
Community diversity of environmental samples detected with ARISA. The observation that sequence polymorphisms were more common than length polymorphisms for a given species suggested that the PnAll primers could be used for ARISA to identify different Pseudo-nitzschia species within environmental samples. Consistently and accurately identifying ARISA peaks was essential to developing this potentially high throughput approach. ITS1 fragments were therefore amplified from the same environmental samples used for the clone libraries with different PCR cycle numbers, and subsequent ARISA profiles were analyzed using a range of thresholds for peak calling (see Materials and Methods for details). To minimize variability, the results from individual replicates for a single sample were combined in silico. Samples that either failed (e.g., no fluorescent signal was detected) or contained <50% of the peaks detected in replicates were not considered for analysis. Cluster analysis of the resulting ARISA profiles indicated that the most consistent results (profiles were not significantly different from one another, P > 0.05) were obtained when a cycle number was used that corresponded to four or more additional cycles than that determined by Q-PCR as the early exponential phase of amplification. In addition, variability was minimized when peaks were detected using a signal-to-noise ratio of 30 and a peak threshold of 0.15% area.
Multiple, distinct peaks were detected for each environmental sample (Fig. 4) , and individual peaks, even those 1 bp apart, were easily distinguished from one another. The ARISA peaks corresponded to clone sequences for P. pungens type 1 (142 bp), P. multiseries (144 bp), P. australis ⁄ P. seriata type 2 (150 bp), P. delicatissima type 11 (168 bp), P. subpacifica (195 bp), P. sp. 196 (196 bp), P. fraudulenta (202 bp), P. sp. 209 (209 bp), and P. sp. 233 (233 bp). Seven peaks detected with ARISA (138, 192, 207, 212, 220, 226 , and 228 bp) did not corre- 
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spond to clone library sequences. However, five of these fragment lengths corresponded to species in GenBank-P. delicatissima type 12 (192 bp), P. delicatissima type 10 (207 bp), P. delicatissima type 13 (212 bp), P. delicatissima type 2 (220 bp), and P. sp. from Tasmania (226 bp)-and may correspond to species or types not predicted to be amplified by PnAll primers, such as one P. delicatissima type from the Gulf of Naples (226 bp) and P. dolorosa Lundholm et Moestrup (228 bp). The ARISA peak of 138 bp did not share a fragment length with any known Pseudo-nitzschia species.
Greater levels of interspecific diversity were detected with ARISA than with the clone libraries. Ten species or species types were detected by environmental sequencing of all three samples combined (Table 3 ). In contrast, 16 ARISA peaks were detected in all three environmental samples, suggesting that 16 or more putative Pseudo-nitzschia species or species types were present, given that some species may share a single peak. Only 19 clones (compared with 79 and 40 clones from Esperanza Inlet and Puget Sound, respectively) were sequenced from Tofino Inlet, because many of the peaks in that sample were identified in the Esperanza Inlet clone library. Three fragment lengths were detected in all three samples: 142 bp (P. pungens), 144 bp (P. multiseries), and 150 bp (P. australis ⁄ P. seriata). All other fragment lengths showed more restricted distributions (Fig. 4) . For example, the 233 bp (P. sp. 233) fragment was found only in Vancouver Island stations.
The magnitude of an ARISA peak was not always representative of the number of clones detected in the corresponding clone library (Fig. 4) . In the Esperanza Inlet sample, no clone sequences were obtained for ARISA fragment length 207 bp, despite the fact that the peak fluorescence signal was at least four times stronger than the peaks for 168 bp (P. delicatissima type 11) and 202 bp (P. fraudulenta; Fig. 4) , both of which were represented in the clone libraries. As a corollary, the peak for 168 bp was relatively small in the Tofino Inlet and Esperanza Inlet samples, and yet sequences corresponding to P. delicatissima type 11 were detected in both samples. DISCUSSION PCR primers specific to the ITS1 region of about half the described Pseudo-nitzschia species were successfully designed and employed with field samples to study variation with the genus Pseudo-nitzschia. An ARISA for Pseudo-nitzschia was designed based on protocols for bacterial ARISA (Fisher and Triplett 1999, Hewson and Fuhrman 2004) , and clone libraries were used to verify the identification of ARISA peaks. The ITS1 is a highly variable marker at both inter-and intraspecific levels for the Pseudo-nitzschia species, and ITS may be the best molecular marker thus far for elucidating Pseudo-nitzschia taxonomy (Manhart et al. 1995 , Amato et al. 2007 .
Intraspecific variation. ITS1 target sequences from EM-identified isolates fell into two categories distinguished by the presence or absence of insertions and deletions. When in ⁄ dels were excluded from analysis, sequence variation among isolates of a single species was relatively restricted and ranged from 1% to 3%, although P. pungens displayed intraspecific variation as high as 8.4%. No within-strain sequence variability was detected in P. pungens PNWH2O 101WB over the course of 2.5 years in culture, suggesting that the detected variation in field samples is likely due to the presence of multiple strains rather than variability within a single strain. Thus, each unique sequence was treated as a unique genotype. Furthermore, potential PCR bias and error was minimized by terminating PCR prior to saturation and by using a reconditioning step (Thompson et al. 2002 , Acinas et al. 2005 .
Based on sequence comparisons, isolates with the same ITS1 fragment length and sequence divergence of <3% were defined as different genotypes of a single species. Isolates with different ITS1 fragment lengths but whose sequence identity (excluding in ⁄ dels) was also <3% were defined as different species types. For comparison, closely related species, such as P. australis and P. seriata, or P. pungens and P. multiseries, displayed interspecific divergence that ranged from 7.8% to 28.4%, respectively. These interspecific divergences should be considered lower estimates, as sequences of different species cannot easily be aligned.
The extent of variation detected within a single species appeared to be unrelated to geographical distance between isolation sites. Different species types could originate from geographically distinct locations or from the same sampling site. Amato et al. (2007) detected two ITS1 types for P. pseudodelicatissima in the Gulf of Naples, distinguished by a 13 bp insertion and 2.1% divergence (without in ⁄ dels). The two P. pseudodelicatissima species types were capable of reproduction, did not exhibit significant morphological variability, and thus satisfied the biological species concept (Amato et al. 2007 ). The available ITS1 sequence data from GenBank and results from this study and the interbreeding study (Amato et al. 2007 ) suggested that sequences exhibiting 3% or less variation for the PnAll sequence fragment were representative of a single species. This value is low compared to ITS1 variability within other pennate diatom species (see Vanormelingen et al. 2007) , although the entire ITS1 region rather than just a fragment was considered for these other species.
Sequence divergence was used to determine the relationships of Pacific Northwest environmental ITS1 sequences to previously generated ITS1 sequences from described species; both species types and genotypes were represented in the environmental clone sequences. Variants of P. multiseries, P. australis, P. seriata, P. subpacifica, P. fraudulenta, P. delicatissima type 11, and P. sp. 233 most likely each represent a single species, since they exhibited less genetic variability than the P. pseudodelicatissima ITS1 types from the Gulf of Naples (Amato et al. 2007) . Distinct genotypes and ⁄ or species types for P. sp. 233, P. subpacifica, P. fraudulenta, P. seriata, and P. sp. 209 were found only in the Pacific Northwest (Fig. 3, b-d, and g ). Sequencing additional isolates and environmental DNA will be useful to determine if these Pseudo-nitzschia genotypes or species types are endemic to the Pacific Northwest, or if they will exhibit broader distribution ranges, like the genotypes of P. australis, P. multiseries, and P. delicatissima type 11 (Fig. 3, e, f, and h) .
The term ''pseudo-cryptic'' has been used to describe highly similar species with genetic variability and distinct but overlapping morphological characteristics (Amato et al. 2007 ). Examples of apparently pseudo-cryptic species were also detected in the clone libraries, including P. sp. 209 (most similar to P. decipiens; 9% with in ⁄ dels, 6.7% without) and P. pungens. P. pungens exhibited higher apparent intraspecific variation than any other species (8.4%; no in ⁄ dels detected) suggesting that this morphotype may encompass at least two pseudo-cryptic species. A single fixed polymorphism split sequences into three groups, referred to here as P. pungens-A, P. pungens-T, and P. pungens-C for the nucleotide at position 77 of 142 bp. Only a single clone sequence of P. pungens-C was detected (genotype G, Fig. 3a) . Other sequences were distributed between P. pungens-A (genotypes A, C-F, and J-Q; Fig. 3a) and P. pungens-T (genotypes B, H, and I; Fig. 3a) . When intraspecific variation for these two groups was considered separately, the variation was <2% for the P. pungens-T (16 sequences) and <7.5% for P. pungens-A (46 sequences). Further support for the possibility of cryptic diversity in P. pungens comes from a recent microsatellite-based study documenting two distinct, coexisting populations of P. pungens in the Pacific Northwest (Adams 2006) . No evidence for a pseudo-cryptic species of P. pungens was detected for North Sea isolates (Evans et al. 2005) . Additional experiments should be conducted to test the species concept for P. pungens.
Interspecific variation. Environmental samples for ARISA and clone libraries were standardized based on volume of water filtered (500 mL) and by using Q-PCR to determine the optimal PCR cycle number, to minimize PCR error and to account for differences in Pseudo-nitzschia concentrations among environmental samples. Pseudo-nitzschia ARISA peaks ranged from 138 to 233 bp, had 1 bp resolution, and were appropriately sized when compared to clone sequences. Precision in bacterial ARISA tends to decrease as amplicon lengths increase, but amplicons <700 bp (Brown et al. 2005) are generally called precisely; thus, it was not surprising that Pseudo-nitzschia peaks were straightforward to identify in ARISA profiles. The amplification efficiencies associated with each Pseudo-nitzschia species in a mixed sample are likely variable, especially if some species (like P. fraudulenta from the Esperanza Inlet sample) have mismatches to the primer set. For this reason, and because ARISA peak strength and the number of clones detected for a species were not always correlated, we did not attempt to correlate abundance with either ARISA peak strength or frequency of clones detected. The number of species detected with ARISA was greater than the number detected with clone libraries for each environmental sample; this may reflect differences between techniques (e.g., cycle numbers for ARISA, reconditioning for clone libraries, potential artifacts) or between a fingerprinting community approach like ARISA and sequencing a discrete number of clones.
It was remarkable that 13 ARISA peaks were detected in the Esperanza Inlet, Vancouver Island, sample, as only seven species were detected in a multiyear survey of the Washington coast (Stehr et al. 2002) . Several of these ARISA types remain to be characterized by additional sequencing. All sequences in the environmental clone libraries were most similar to Pseudo-nitzschia sequences in GenBank, further confirming the specificity of the PnAll primers for these environmental samples. The amplification of Fragilariopsis cylindrus isolate DNA with the PnAll primer set and the identification of species variants with distinct fragment lengths in this study highlight the importance of generating clone libraries to identify ARISA peaks prior to beginning a study in a new region.
The genus Pseudo-nitzschia displays a ''continuum of diversity'' (Soininen 2006) , including genotypes (intraspecific variation), species types (intraspecific variation), cryptic and pseudo-cryptic species (intra-or interspecific variation), species, and the genus itself. The combination of ARISA with sequences from isolates and environmental clones allows resolution across this continuum of diversity. The process of isolation and culturing might select for certain variants, which in combination with the misidentification of genetic variants, likely biases the current view of worldwide distributions. ARISA is a robust way to identify Pseudo-nitzschia species and species types in the environment and may be applicable to other similarly cryptic genera of phytoplankton. The ability to process many samples easily and quickly allows for rapid identification of species in samples, which is necessary for routine monitoring of toxigenic algae, and the ability to identify genotypes may be important for understanding why and under what conditions this diatom blooms and produces domoic acid.
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